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Abstract
In tropical forests light and water availability are the most important factors for seedling
growth and survival but an increasing frequency of drought may affect tree regeneration.
One central question is whether drought and shade have interactive effects on seedling
growth and survival. Here, we present results of a greenhouse experiment, in which seed-
lings of 10 Ghanaian tree species were exposed to combinations of strong seasonal
drought (continuous watering versus withholding water for nine weeks) and shade (5% irra-
diance versus 20% irradiance). We evaluated the effects of drought and shade on seedling
survival and growth and plasticity of 11 underlying traits related to biomass allocation, mor-
phology and physiology. Seedling survival under dry conditions was higher in shade than in
high light, thus providing support for the “facilitation hypothesis” that shade enhances plant
performance through improved microclimatic conditions, and rejecting the trade-off hypoth-
esis that drought should have stronger impact in shade because of reduced root investment.
Shaded plants had low biomass fraction in roots, in line with the trade-off hypothesis, but
they compensated for this with a higher specific root length (i.e., root length per unit root
mass), resulting in a similar root length per plant mass and, hence, similar water uptake ca-
pacity as high-light plants. The majority (60%) of traits studied responded independently to
drought and shade, indicating that within species shade- and drought tolerances are not in
trade-off, but largely uncoupled. When individual species responses were analysed, then
for most of the traits only one to three species showed significant interactive effects between
drought and shade. The uncoupled response of most species to drought and shade should
provide ample opportunity for niche differentiation and species coexistence under a range
of water and light conditions. Overall our greenhouse results suggest that, in the absence of
root competition shaded tropical forest tree seedlings may be able to survive prolonged
drought.
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Introduction
Seedling establishment, growth and survival play an important role in forest dynamics, as they
determine the future composition of the forest canopy [1]. Seedling growth and survival are
influenced by resource availability (i.e. light, water and nutrients) and disturbance (fire, log-
ging, herbivores and pathogens) [2, 3]. In tropical forests light [4] and water availability [5, 6]
are spatially and temporally heterogeneous and this heterogeneity provides a productivity gra-
dient [7]. At the upper end of the productivity gradient light is the most limiting resource,
whereas at the lower end of the productivity gradient water is the most limiting resource [7].
For instance, in moist forests due to high moisture availability there is high productivity which
leads to the formation of dense vegetation and results in a reduction in the amount of light that
reaches the forest understorey. On the contrary, in drier forests where water is the most limit-
ing resource there is low productivity which leads to the formation of a less dense forest canopy
with more light reaching the forest understorey.
Seedling tolerance to limiting resources determines in part the composition and distribution
of species. Over the past decades tropical forests have experienced a reduction in annual rainfall
and in some areas, such as the Amazon forests, severe droughts have occurred [8, 9]. Climate
change scenarios predict that the intensity and frequency of drought will even increase further
in the near future [10–13] and drought will be the main aspect of global change which will de-
termine the future of moist tropical forests [5, 14]. Understanding species response to drought
is therefore critical in forecasting possible impacts of climate change on tree regeneration in
the forest and species distribution. In lowland tropical forest, species drought performance, tol-
erance and the length of dry season have been found to be important determinants of species
distribution [15–18]. The drought performance of a seedling may be influenced by the location
(understory or gaps) where the seedling grows in the forest (i.e., its shade tolerance) [19]. The
interaction between drought and shade may play an important role in how species establish,
grow and survive, but information on the combined effects of drought and shade in the tropics
is surprisingly scarce (but see [19–21]).
Three contrasting views have been proposed on whether there is a trade-off between shade
tolerance and drought tolerance. The trade-off hypothesis predicts a trade-off between shade
and drought tolerance, because shaded plants invest in leaves to enhance light capture, but this
comes at the expense of allocation to water acquiring roots, thus making shaded plants more
sensitive to drought [22]. According to the facilitation hypothesis drought has a weaker impact
on plants in shade, because of lower air temperatures and vapour pressure deficits in shaded
microsites [23, 24]. Alternatively shade and drought tolerance are uncoupled and vary inde-
pendently (the uncoupled hypothesis) across forest and shrub species [7, 24–27]. All plants re-
quire light, water and nutrients for their survival, growth and reproduction [28]. Consequently
reduced availability in any one of these resources may lead to reduced survival and growth (re-
source limitation hypothesis). Plants maximise their surface area to capture the most limiting
resource (Brouwer’s hypothesis) [29]. Differential capacity of plants species to maximise re-
source capture will be of significant ecological advantage in the face of global climate change.
Functional traits may confer tolerance to shade and drought in several distinct ways [30].
There are three main mechanisms for dealing with drought stress: (1) drought avoidance (2)
drought delay and (3) physiological drought tolerance [27, 31–33]. Traits that are associated
with drought avoidance include leaf shedding in deciduous species to reduce water loss. Ever-
green species may also delay drought by increased below ground biomass allocation, construc-
tion of fine roots, and deep roots to enhance water access and uptake [27, 32]. Evergreen plants
could also produce thick leaves and reduce stomatal conductance to minimise transpirational
water loss [34]. Physiological drought tolerance is defined by a plant’s ability to continue to
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function physiologically at low water availability (tolerance to low tissue water status). At low
water potentials, drought tolerant species reduce the risk of xylem cavitation (through having
dense stem with narrow vessels and pit pores), which allows them to maintain gas exchange
and hydraulic conductivity [27, 31]. Additionally, species that efficiently close their stomata
can tolerate dry conditions. In some coniferous species high levels of the hormone abscisic acid
influences the efficient closure of the stomata during water stress [35].
Shade-grown plants typically invest in high above ground biomass (leaves and stem) and
also make thin leaves to optimise light capture and utilisation [36–38]. At the whole-plant level
shade-tolerant species also display their leaves efficiently to enhance light capture in a low light
environment [36]. Plants grown in high light allocate relatively less to leaves and allocate more
to roots to capture water and nutrients to sustain the high transpiration rates and growth rates
[39, 40]. These intraspecific responses of plants to shade are also mostly found in inter specific
responses to shade among species. In spite of distinct strategies under shade and drought it is
possible to have traits that confer both drought and shade tolerance in plants within a conser-
vation resource strategy [41, 42]. In such a situation shade tolerant plants will have low alloca-
tion to leaves, high allocation to stem and relatively high allocation to below ground tissues.
Phenotypic plasticity is the capacity of a genotype to alter its phenotype under changing en-
vironmental conditions [43]. Such plasticity may be of paramount importance for species to
adjust to temporal and spatial variation in resource availability, but few studies have demon-
strated to what extent plasticity is really associated with tolerance to shade and drought. In a
study [41] with eight Mediterranean woody tree species, it was found that phenotypic plasticity
was negatively related to shade tolerance (quantified as survival in deep shade), and not related
to drought tolerance (quantified as survival under drought). In another study of 16 tropical
rain forest shrub species in three light environments, it was found that species, which specialise
for gaps had higher plasticity than understory species [44]. In gaps there is a predictable de-
crease in irradiance over time when the gap vegetation regrows and plants respond plastically
to these changes [44]. Plasticity may be either adaptive or non-adaptive. If plasticity is adaptive,
then a high plasticity would lead to higher survival under stressful conditions [45].
In this study we evaluated in a controlled cross-factorial experiment the effects of light and
drought on the performance, morphology and physiology of 10 Ghanaian tree species. We ad-
dressed three research questions: (1) what are the effects of drought and shade on seedling sur-
vival and growth? (2) What are the effects of drought and shade on underlying seedling traits,
such as biomass allocation, morphology and physiology? (3) How does morphological plastici-
ty relate to survival under stressful conditions and growth under optimal conditions? We
hypothesised that (1a) with decreased resource availability (light, water) there will be decreased
survival and growth (the resource limitation hypothesis,[46]), (1b) shade will result in increased
drought survival compared to high light (the facilitation hypothesis, [24]), (2) plants will invest
in the organ that captures the most limiting resource (Brouwer’s hypothesis) [29], (3) higher
plasticity in plant functional traits should lead to high survival under stressful conditions [45]
and faster growth under optimal condition should lead to higher plasticity because plants have
more carbon at their disposal to make plastic adjustment [43,44].
Materials and Methods
Species and study site
This study is part of a larger experiment in which we evaluated drought survival of 24 tropical
tree species, and related it to their functional traits. For the present study we focused on a sub-
set of ten tropical forest species for which we were able to evaluate their acclimatisation re-
sponses to shade and drought. The 10 species come from 8 families with different distributions
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(moist, wet and dry forests) in Ghana’s forests (Table 1). The species had different light re-
quirements for regeneration: one pioneer, two shade tolerant and seven non-pioneer light de-
manders [47]. The species were selected because of their importance for timber trade in Ghana,
their use as medicinal plants, and because of their different rainfall distributions. Seeds of the
species were collected from two forest types: moist forest (Bobiri Forest Reserve), which lies be-
tween latitudes 6° 39’ and 6° 44’N and longitudes 1° 15’ and 1° 23’W and dry forest (Afram
Headwaters Forest Reserve), which lies between latitudes 6° 45 'N and 7° 25' N and longitudes
1° 32' W and 1° 48' W. Permission for seed collection was granted by the Forestry Research In-
stitute of Ghana. The responses of the selected species to drought and shade were evaluated in
4 neutral shade greenhouses located at the Forestry Research Institute of Ghana (FORIG- lati-
tude 06° 41’N and longitude 01° 28’W). The size of each greenhouse was 5.60 m x 4.96 m wide
and 3 m high and inter-greenhouse distance was 4 m. A distance of 4 m was chosen so that
neighbouring greenhouses would not shade each other. The green houses were aligned north-
south to ensure that they all received the same amount of light at any point in time. Each green-
house was covered with a plastic shelter, to avoid the entry of rain in the greenhouse.
Irradiance levels of 5% (2 greenhouses) and 20% (2 greenhouses) of full sunlight were creat-
ed by using bamboo slats, mosquito netting and raffia mats. The irradiance levels were deter-
mined through daily measurements with a light meter (Fisher Scientific Traceable Dual
Display light meter, Fisher Scientific, Pittsburgh, USA) for a month. Concurrent measurements
of irradiance levels inside and outside of the greenhouses were made in the morning (8:00–
9:00am), around noon (12:00–1:00pm) and in the afternoon (4:00–5:00pm). Irradiance level in
each greenhouse was calculated as a percentage of irradiance outside the greenhouse. Daily av-
erage irradiance levels were calculated for each greenhouse. A monthly average was also calcu-
lated and was used as the irradiance level in each greenhouse. Twenty percent irradiance (20%)
was used as this is typical for large forest gaps. Additionally, it has been found that seedlings of
Ghanaian tree species are able to achieve maximum growth at irradiances of between 10% and
44% [48]. Hence, 20% irradiance allows the comparison of species under “optimal” growth
conditions. As a minimum irradiance we used 5% (which is typical for a small gap) instead of
1%-2% of full irradiance that is typical for the forest understory, because many non-pioneer
light demanding species were included in the study, and these would not have survived the un-
derstory light levels.
Table 1. List of ten tree species, their family, natural distribution and light requirements for regeneration (species guild).
Species Family Forest type Species guild Averageseed dry mass
Entandrophragma angolense (Welw). DC Meliaceae Moist forest NPLD 0.4
Turraeanthus africanus (Welw. ex C.DC.) Peller Meliaceae Moist forest Shade tolerant 1.0
Piptadeniastrum africanum (Hook.f.) Brenan Mimosaceae Moist forest NPLD 0.18
Ceiba pentandra (Linn.) Gaertn. Bombaceae Dry forest Pioneer 0.05
Albizia zygia (DC.) J.F. Macbr. Mimosaceae Dry forest NPLD 0.06
Pericopsis elata (Harms) Van Meeuwen Papilionaceae Dry forest NPLD 0.19
Sterculia rhinopetala K. Schum Sterculiaceae Dry Forest NPLD 0.40
Aningeria robusta (Pouteria aningeri) (A. Chev.)Aubrev. and Pellegr. Sapotaceae Dry Forest NPLD 0.75
Antiaris toxicaria Leschenault Moraceae Ubiquitous NPLD 1.67
Strombosia pustulata J. Leonard Olacaceae Ubiquitous Shade tolerant 1.25
NPLD = non-pioneer light demander. Species guild and preference for a different forest type is based on [49–51]. Average dry seed mass is based on
[52–58].
doi:10.1371/journal.pone.0121004.t001
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In another greenhouse (of about 15% irradiance) seeds were germinated in germination
trays filled with sandy loamy soils. The soil was collected from a moist forest (Bobiri Forest
Reserve). The soils were not acidic and had an average pH of 6.5 (± 0.28). The soils had moder-
ate to high values of nitrogen, phosphorous, potassium and base saturation (see details of the
chemical and physical properties of the soil in S1 Table). Germinated seeds were then grown
in 9 cm wide by 20 cm long PVC (Polyvinyl chloride) tubes filled with sandy loamy soils
(1130 cm3) collected from the moist forest. Sandy loam soil was preferred because it allows for
good drainage, which is needed when plants are watered regularly. Seedlings were grown for
three to four months before being transferred to the greenhouses. In the greenhouse, seedlings
were allowed to acclimatise for four weeks before they were subjected to watering and no-wa-
tering treatments. We recorded daily temperature and relative humidity (S2 Table) over the pe-
riod of the experiment using a Fisher memory hygrometer (Fisher Scientific, Pittsburgh, USA).
The temperature and relative humidity values were used to estimate vapour pressure deficit in
the greenhouses.
Experimental design
The design in the greenhouse was a completely randomised factorial design with water, light
and species as factors. We studied 96–112 individuals per species, which were randomly as-
signed to- and equally distributed amongst the four greenhouses; half of the individuals of each
species in each greenhouse received water, and the other half were not watered for nine weeks.
We simulated therefore not continuous low water conditions, but the effect of a prolonged dry
season drought. Rainfall records taken from a rain gauge placed at 3 km from a dry semi-decid-
uous and a wet evergreen forest in the study region over a period of two years indicated a two-
month period (December to January) in which there was no rain, especially in the dry forest.
Therefore the nine weeks that water was withheld from seedlings in the greenhouse compares
with the length of the dry season in the field. The experiment included in total 1,056 seedlings
(6 species x 2 light treatments x 2 greenhouses x 2 drought treatments x 14 seedlings per treat-
ment combination + (4 species x 2 light treatments x 2 greenhouses x 2 drought treatments
x 12 seedlings per treatment combination). The positions of individual seedlings were rotated
in the greenhouse every two weeks to ensure all species were exposed to the same environmen-
tal variation in the shade house. Because of limited seed availability and space constraints the
experiment was conducted in two batches; the first was conducted from August-November
2010 and the second from February–May 2011. One additional pioneer species (Ricinodendron
heudelotii) was included as a phytometer in both batches of the experiment to test for any sys-
tematic differences in the growing conditions in the greenhouses. A MannWhitney U test of
the differences in percent survival (in the dry treatment) between Ricinodendron heudelotii
seedlings in the first and second batches of the experiment for low and high light treatments
at the end of nine weeks did not show significant difference (Low light, Mann Whitney
U = 39.50, Z = -0.11, P = 0.92, n = 19; high light, U = 40.0, Z = -0.05, P = 1.00, n = 19).
Seedling performance and traits measurements
At the beginning and end of the experiment, randomly, eight individuals were selected for each
species and their heights, diameters, leaf areas, stem and root lengths were measured and leaves
counted. Leaves were digitised with a desk-top scanner (Canon Lide 100) and leaf area was de-
termined with pixel counting software Image J [59]. Total root length was measured using the
line intersect method [60]. Fresh weights of leaves, stems and roots were determined and the
samples dried in an oven at 65°C for 48 hours. Relative growth rate was calculated for each
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species using initial and final harvest at the end of nine weeks using Equation 1 [61].
RGR plant dry mass¼ ðlnM2 lnM1Þ= t2 t1ð Þ Equation 1
where lnM1 and lnM2 are the means of natural logarithm transformed plant dry mass at time
t1 and t2.
The basic measurements were used to calculate nine seedling traits: leaf mass fraction (LMF;
total leaf mass divided by plant mass, g g-1), stem mass fraction (SMF, stem mass divided by
plant mass, g g-1), root mass fraction (RMF, root mass divided by plant mass, g g-1), specific
leaf area (SLA, leaf area per leaf mass, cm2 g-1), leaf area ratio (LAR, total leaf area divided by
plant mass, cm2 g-1), specific stem length (SSL, stem length divided by stem mass, cm g-1), spe-
cific root length (SRL, total root length divided by root mass, cm g-1), stem length per unit
plant mass (SLPM, stem length divided by plant mass, cm g-1) and root length per unit plant
mass (RLPM, total root length divided by plant mass, cm g-1). Leaf traits (LMF, SLA, and
LAR), were calculated because of their importance for light capture, and stem traits (SSL and
SLPM) because of their importance for vertical height expansion and hence, light capture [62],
and for water transport and stability. The root traits (RMF, SRL and RLPM) were chosen be-
cause they are important for water capture [32], and for water storage (RMF).
Assessment of survival, wilting and physiological measurements
Seedling survival was assessed every week. Seedling wilting stage was monitored following [63].
Mid-day leaf water potential (ψmid) was measured for six slightly wilted individuals of each spe-
cies in each greenhouse using the pressure bomb technique [64]. Stomatal conductance was
measured on the same selected individuals using a leaf porometer (Model SC-1, Decagon De-
vices, USA). Similar measurements of stomatal conductance and leaf water potential were per-
formed for the watered plants. Leaf water potential was measured because it gives an indication
of the level of water stress in a plant and stomatal conductivity was chosen because it gives an
indication of how plants control water loss through stomatal closure [19]. Drought survival in
shade and in high light was quantified as the percentage of individuals alive in the dry low
light- and dry high light treatments at the end of the experiment. The soil matric potential at
which seedlings died in the dry treatment was estimated using the filter paper technique [65].
Data analysis
AMann-Whitney (exact test) was used to test the differences between drought survival after
nine weeks under the dry treatment in the shade (5% irradiance) and in high light (20% irradi-
ance). A three-way ANOVA was performed to evaluate the effects of species, light and water
on relative growth rate and leaf physiology. Species, light and water were used as factors and
RGR, leaf water potential and stomatal conductance were used as dependent variables. Green-
houses were not included as a factor in the final three-way ANOVA because the difference in
the light treatment was large (5%-20%) and species values differed little between the two green-
houses belonging to the same light treatment. Data from the replicates of each light level was
pooled together. A three-way ANCOVA was performed to evaluate the effects of species, light
and water on morphological traits. Plant dry mass was included as a covariate to correct for on-
togenetic effects due to variation in seedling size (cf. [62]). Allocation variables (LMF, SMF,
and RMF) are proportional (between 0 and 1) and they were therefore arcsine transformed to
enhance normality and to stabilise the variance. The other traits (SLA, SSL, SRL, LAR, SLPM,
RLPM, stomatal conductance and leaf water potential) were log10 transformed to stabilise the
variance. To analyse which individual species showed a significant response to light and water
the AN(C)OVA’s were repeated for each individual species. Plasticity was calculated by first
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 6 / 22
taking the average trait value of each of the four treatment combinations (dry and low light,
dry and high light, wet and low light, wet and high light). Plasticity was then calculated for
each trait as the difference between maximum mean value and minimummean value of the
treatment combinations, divided by the maximum mean value [44]. The relationship between
overall plasticity index (mean of trait plasticity of the 9 individual traits) and growth under op-
timum conditions (high light, 20% irradiance and daily watering) was tested using Spearman
correlation. Additionally, the relationship between overall plasticity index and survival under
stressful conditions (high light, 20% irradiance and drought for nine weeks) was tested using a
Spearman’s correlation. Plasticity of each of the 9 individual traits was also correlated with sur-
vival under stressful conditions and growth under optimal conditions, using the ten species as
data points.
Results
Seedling survival and relative growth rate in response to drought and
shade
Drought led to a decrease in survival compared to the continuously watered plant in both
shade (89% drought survival versus 100% for continuously watered plants) and light (53%
drought survival versus 99.6% for continuously watered plants). No statistical test was carried
out to test the difference in survival in the watered plants because survival was 100% in the 5%
irradiance greenhouse and 99.6% in the 20% irradiance greenhouse. There was a significant dif-
ference between drought survival in the shade (5% irradiance) and drought survival in the high
light (20% irradiance) in the dry treatment (Mann-Whitney U = 10.5, Z = -2.99, P< 0.01).
Drought survival in high light was 1.7 fold lower than in shade, indicating that plants are hit
harder by drought in exposed environments that are typical of gaps (Fig 1A). Both drought and
shade led to a decrease in relative biomass growth rate (Three-way ANOVA, drought,
P 0.001; shade P 0.001; Fig 1B). There was a significant interaction effect (P 0.001) of
light and water on relative growth rate, indicating that the effect of drought depended on the
light level under which plants were growing. Drought reduced relative growth rate more
strongly under high light than in low light.
Drought and shade effects on allocation and morphology
Seedling responses were analysed with a three-way ANCOVA, with species, light, and water as
factors, and plant dry mass at harvest as a covariate (Table 2). Overall the models explained a
substantial part of the variation (average R2: 0.78, R2 range: 0.61–0.93). Biomass at final harvest
did not have an effect on biomass allocation, but it had a strong effect on tissue morphology
and whole-plant morphology (Table 2). Overall, species had the strongest effect on seedlings,
affecting all traits, with high F values. Of the environmental factors, light had the strongest ef-
fect on seedlings, affecting 92% (11/12) of the traits evaluated. Water had a significant effect on
70% (7/10) of the traits evaluated, whereas there were considerably less significant interactions
between light and water (40% of the cases, 4/10), and for those the F values were also
much lower.
Drought effects on allocation and morphology
Drought did not alter leaf mass fraction (P = 0.115; Fig 2A) which indicates that the transpiring
leaf mass is not reduced under drought. The effects of drought on specific leaf area, and leaf
area ratio could not be determined because leaves of seedlings were wilted at final harvest.
There was no significant effect of drought on stem mass fraction (P = 0.066; Fig 2D) but
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drought led to an increase in specific stem length (P 0.001; Fig 2E) and stem length per unit
plant mass (P 0.001; Fig 2F). Drought led to high allocation to roots (Root mass fraction,
P = 0.018; Fig 2G), no significant change in specific root length (P = 0.423; Fig 2H) and a signif-
icantly higher root length per unit plant mass (P = 0.005; Fig 2I) which facilitates water uptake.
Fig 1. Performance of Ghanaian tree seedlings in terms of (a) survival and (b) relative biomass growth
rate (RGR) in response to drought and shade. Shade treatments consisted of low light (5% of full sunlight,
black bars) and high light (20% of full sunlight, grey bars). The water treatment consisted of a wet treatment
(plants continuously watered for nine weeks) and dry treatment (water was withheld from seedlings for nine
weeks). Means and standard error of the means are shown. Bars accompanied by a different letter are
significantly different at P< 0.05 (ANOVA, Post hoc LSD test). n = 10 species.
doi:10.1371/journal.pone.0121004.g001
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 8 / 22
Shade effects on allocation and morphology
Shade led to an increase in allocation to leaves (high leaf mass fraction, P 0.00; Fig 2A), in-
creased production of thin and/or soft leaves (high specific leaf area, P 0.001; Fig 2B) and in-
creased the leafiness of the seedlings (high leaf area ratio, P 0.001; Fig 2C) thus enhancing
light capture. Shade led to a reduction in allocation to stem (low stem mass fraction, P = 0.025;
Fig 2D), an increase in specific stem length (P 0.001; Fig 2E) and stem length per unit plant
mass (P 0.001; Fig 2F). Shade decreased allocation to roots (low root mass fraction,
P 0.001; Fig 2G) and increased investment in fine roots (high specific root length, P 0.001;
Fig 2H). Hence, the lower investment in root biomass was compensated for by investment in a
higher specific root length which resulted in a similar root length per plant mass for shaded
plants compared to light plants (P = 0.817; Fig 2I).
Combined impact of shade and drought on allocation and morphology
Forty percent (40%) of the variables showed an interaction of light and water, as demonstrated
by ANCOVA analysis (Table 2). Relative growth rate (P 0.001), leaf mass fraction (P. 05),
stem mass fraction (P = 0.05) and specific root length (P = 0.048) were traits that responded to
the combined effects of light and water. This indicates that relatively few variables responded
to the combined effects of shade and drought. Drought reduced relative growth rate more
strongly in high light than in low light and for stem mass fraction drought resulted in a stron-
ger reduction in shade than in high light. For specific root length drought led to an increase in
SRL in low light but a slight decrease in high light. Under drought leaf mass fraction was
strongly reduced in shade compared to the wet treatment.
Table 2. A Three- way ANCOVA of species (S, df = 9), water (W, df = 1) and light (L, df = 1) as main factors and relative growth rate, biomass alloca-
tion, morphological and leaf physiological traits as dependent variables.
Traits beta Plant dry mass Species Light Water SX L SXW LXW SX L XW R2
Relative growth rate ND 20.6*** 81.9*** 85.6*** 0.9 6.3*** 13.4*** 0.45 0.92
Leaf mass fraction 0.02 0.8 105.7*** 53.2*** 2.5 7.1*** 11.6 4.2* 4.0*** 0.69
Speciﬁc leaf area -0.15 33.1*** 58.5 14.6*** ND 3.9 ND ND ND 0.66
Leaf area ratio -0.14 17.5*** 46.8*** 34.5*** ND 3.9*** ND ND ND 0.69
Stem mass fraction -0.02 1.5 190.5*** 5.0* 3.4 5.6*** 7.6*** 3.9* 2.7*** 0.77
Speciﬁc stem length -0.62 1079.5*** 67.9 50.9*** 35.6 5.9 3.8 0.6 1.6 0.91
Stem length per unit plant mass -0.64 1741. *** 275.5*** 38.9*** 10.7*** 3.8*** 5.0*** 18.3 1.4 0.93
Root mass fraction -0.01 0.2 52.2*** 44.6*** 5.7* 5.1*** 5.1*** 1.4 1.6 0.61
Speciﬁc root length -0.33 79.2*** 86.4*** 16.6*** 0.6 1.3 6.4*** 3.9* 2.4* 0.69
Root length per unit plant mass -.33 87.8*** 113.5*** 0.1 8.1* 1.3 10.2*** 3.1 2.4* 0.77
Stomatal conductance ND ND 26.3*** 72.9*** 873.1*** 6.4*** 12.9*** 1.9 3.4* 0.91
Leaf water potential ND ND 33.3*** 10.4*** 182.7*** 4.8*** 5.4*** 0.0 3.1* 0.79
Plant dry mass was included in the ANOVA as a covariate for all variables but RGR, and beta is the regression coefﬁcient of the slope. F-value,
signiﬁcance levels and R2 of the model are shown.
*:p  0.05
**: p  0.01
***: p  0.001
ND = not determined. Leaf mass fraction, stem mass fraction and root mass fraction were arcsine transformed and all other traits were log10 transformed
prior to analysis.
doi:10.1371/journal.pone.0121004.t002
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The combined effects of shade and drought on individual species
To analyse how individual species responded to the combined effects of shade and drought a
two-way AN(C)OVA was done per trait for each individual species. For most traits (9 out of 10
traits evaluated) there were significant interactions between shade and drought, but these were
found for very few species (1 to 3 species per trait) (Table 3). This suggests that the interaction
between species x shade and light in the three-way AN(C)OVAs (Table 2) was being accounted
for by few species. It also indicates that the shade x drought interaction is species specific. Spe-
cies that responded to the interactive effects of shade and drought were mostly non-pioneer
light demanding species (Albizia zygia, Pericopsis elata, Pouteria aningeri, Sterculia rhinope-
tala, Piptadeniastrum africanum).
Leaf physiology
Stomatal conductance and mid-day leaf water potential of slightly wilted seedlings showed sig-
nificant response to drought and shade (Table 2). Drought led to a strong reduction
(P 0.001) in stomatal conductance of the leaves that were slightly wilted (Fig 3A). Shade led
Fig 2. Seedling responses to drought and shade in terms of allocation (left panels), tissuemorphology (middle panels) and whole-plant efficiency
(right panels) for leaf- (top panels), stem- (middle panels) and root (lower panels) tissues. Shade consisted of low light (5% of full sunlight, black bars)
and high light (20% of full sunlight, grey bars). The drought treatment consisted of a wet treatment (plants continuously watered) and dry treatment (water
was withheld from plants for nine weeks). (a) leaf mass fraction (LMF), (b) specific leaf area (SLA), (c) leaf area ratio (LAR), (d) stemmass fraction (SMF), (e)
specific stem length (SSL), (f) stem length per unit plant mass (SLPM), (g) root mass fraction (RMF), (h) specific root length (SRL), and (i) root length per unit
plant mass (RLPM). Means and standard errors are shown. Bars accompanied by a different letter are significantly different (ANCOVA, Turkey’s test
P<0.05). n = 10 species. For droughted plants no bars are shown for SLA and LAR, because the leaves were desiccated, and their leaf area could not be
measured precisely.
doi:10.1371/journal.pone.0121004.g002
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to a reduction (P 0.001) in stomatal conductance (Fig 3A). Leaf water potential decreased in
response to drought (P 0.001) but did not change with shade (P = 0.090) and there was no
significant light x water interaction (P = 0.938; Fig 3B).
Table 3. A Two- way ANCOVA of individual species with water (W, df = 1) and light (L, df = 1) as main factors and relative growth rate (RGR), bio-
mass allocation, morphological and leaf physiological traits as dependent variables.
Species Factor RGR LMF SMF SSL SLPM RMF SRL RLPM g LWP
Entandrophragma
angolense
PDM ND 1.09 5.31* 181.90*** 344.22*** 0.99* 0.16 4.68* ND ND
Light 21.90*** 8.45** 0.56 0.20 2.09 10.88** 2.16 0.15
Water 5.59* 4.99* 0.74 0.52 0.33 1.56 0.242 0.01
L x W 5.17* 0.33 3.27 1.34 3.28 0.58 1.02 2.99
Turraeanthus
africanus
PDM ND 11.29*** 4.68* 29.22*** 86.97*** 2.52 2.25 5.60* ND ND
Light 2.84 53.35*** 8.46** 29.19*** 0.99 18.01*** 9.10** 0.87 9.73** 5.80*
Water 0.01 9.9** 18.01*** 3.30 19.15** 0.08 7.76** 7.99** 18.01*** 18.01***
L x W 0.98 0.12 0.08 3.944* 0.07 2.73 0.80 0.00 0.08 0.08
Piptadeniastrum
africanum
PDM ND 1.03 0.04 169.03*** 211.75*** 1.44 36.27*** 38.79*** ND ND
Light 17.99*** 2.83 2.70 11.46** 2.71 0.68 2.814 1.60 7.42* 0.13
Water 20.95*** 8.72** 0.90 15.30*** 9.81** 14.24*** 1.11 5.25* 95.24*** 49.00***
L x W 0.21 0.01 1.01 0.03 3.39 0.54 0.33 1.52 1.26 1.53
Ceiba pentandra PDM ND 0.05 1.04 126.92*** 131.80*** 2.5 10.55** 12.36** ND ND
Light 13.71*** 19.6*** 2.69 50.43*** 33.89*** 23.3*** 4.10* 5.52*
Water 141.52*** 6.91* 7.43** 2.73 3.94* 0.17 0.08 0.37
L x W 1.39 0.08 1.47 5.80* 0.21 0.96 0.70 1.71
Albizia zygia PDM ND 0.01 8.30 135.16*** 171*** 2.17 62.76*** 41.15*** ND ND
Light 13.84*** 0.77 0.01 8.08** 5.72* 1.15 0.03 0.01 11.79** 0.57
Water 0.57 0.21 3.10 18.75*** 3.15 1.56 37.26*** 44.54*** 160.85*** 9.38**
L x W 6.42 5.67* 0.36 0.76 1.92 7.40** 1.01 0.41 5.91* 4.24*
Pericopsis elata PDM ND 3.42 2.46 116.70*** 451*** 0.13 0.18 0.07 ND ND
Light 8.99** 0.76 0.99 5.55* 7.69** 0.29 2.84 3.85* 5.44* 4.46*
Water 19.47*** 0.71 1.79 8.92** 7.14* 8.63** 1.34 6.34* 279.28*** 695.69***
L x W 8.55** 7.30** 4.50* 1.20 3.64 0.23 1.30 0.74 7.26* 20.98***
Sterculia
rhinopetala
PDM ND 2.00 0.55 101.76*** 145.01*** 6.26* 25.39** 11.07** ND ND
Light 6.92* 2.71 1.29 8.29** 1.60 1.29 3.40 1.36 1.31 3.95
Water 7.07* 1.24 4.41* 15.80** 1.47 13.12** 0.92 5.19* 239.20*** 5.41**
L x W 0.79 0.02 0.25 2.08 9.71** 1.49 1.32 5.32* 0.13 0.36
(Pouteria aningeri) PDM ND 2.17 0.41 88.93*** 99.77*** 2.01 1.91 0.36 ND ND
Light 9.23** 0.70 0.52 0.73 0.00 0.19 1.24 0.88 89.14*** 62.89***
Water 13.76*** 0.32 1.73 1.28 0.15 0.34 0.05 0.05 73.44 26.28***
L x W 0.21 6.09* 2.80 1.17 2.47 3.41 0.33 0.26 5.14* 1.89
Antiaris toxicaria PDM ND 1.55 0.89 165.47*** 204.09*** 0.19 10.79** 15.47*** ND ND
Light 27.51*** 0.97 11.65*** 0.70 13.10*** 6.94* 2.29 0.08
Water 8.71** 1.82 6.35* 0.47 6.45* 6.29* 1.38 0.03
L x W 0.21 0.10 0.19 0.13 0.28 0.03 1.35 2.32
Strombosia
pustulata
PDM ND 2.72 0.95 47*** 88.52*** 6.99* 2.16 9.12** ND ND
Light 27.49*** 7.52** 0.35 1.54 1.22 7.34** 0.07 1.67
Water 23.05*** 12.29** 3.96* 4.98* 0.34 6.31* 2.21 8.84**
L x W 6.21* 0.63 0.133 0.20 0.04 0.27 0.47 0.18
(Continued )
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The relationship between trait plasticity and species performance
To evaluate whether trait plasticity was associated with seedling performance correlations were
tested between mean plasticity (mean plasticity across nine traits) and RGR under optimal con-
ditions (wet treatment in 20% light), between mean plasticity and survival under stressed con-
dition (dry treatment in 20% light) and between plasticity in RGR and survival. RGR under
optimal conditions was only significantly correlated with plasticity in RMF (r = 0.81, P 0.01;
Table 4, Fig 4D). Survival under stressful conditions was only significantly and positively corre-
lated with plasticity in leaf mass fraction (Fig 4B, r = 0.74, P = 0.014). Plasticity in survival was
significantly negatively related to plasticity in leaf mass fraction (r = -0.71, P = 0.023). Plasticity
in RGR was not significantly related to plasticity of any of the traits (Table 4).
Discussion
Seedling performance in response to drought and shade
We hypothesized that drought and shade would reduce seedling growth and survival because
of a lower resource availability (the resource limitation hypothesis), and that drought survival
would be higher under shade than in high light because of improved microclimatic conditions
(the facilitation hypothesis). Our results are in line with both hypotheses (Fig 1). The weaker
impact of drought in shade is consistent with the facilitation hypothesis [24], and other studies
in which drought sensitive seedlings growing under herbaceous layer in Californian Chaparral
had high survival [26,66]. Under shaded conditions in the field, plants are exposed to low air
temperatures and low vapour pressure deficits resulting in less drought stress and enhanced
drought survival [cf. 24, 26, 67]. Yet, in our study the temperature, relative humidity and va-
pour pressure deficit did not differ significantly between the greenhouses with 5 and 20% irra-
diance (S2 Table). The higher drought survival in the low light greenhouse can therefore be
attributed to the soil water reserve in the pot being depleted more slowly because of a combina-
tion of 1) smaller seedlings (Fig 1B) with smaller transpiring leaf area, 2) lower transpiration
rates per unit leaf area (Fig 3A) and 3) less water evaporation from the soil. The soil matric po-
tential at which individual species died in the two treatments did not differ significantly for
more than half (5 out of 8) of our study species (S3 Table). Therefore though there was some
difference in soil water availability in the pots for some species in the two treatments, it had a
less effect on the overall effectiveness of the drought treatment.
Our results contrast with the trade-off hypothesis [22], which states that drought should
have stronger impact in shade than in high light, because shaded plants invest relatively less in
Table 3. (Continued)
Species Factor RGR LMF SMF SSL SLPM RMF SRL RLPM g LWP
Total number of
light x water
interactions
3 3 1 2 1 1 0 1 3 2
Plant dry mass (PDM) was included in the ANCOVA as a covariate for all variables but RGR. F-values and signiﬁcance levels are shown.
*:p  0.05
**: p  0.01
***: p  0.001
ND = not determined. Leaf mass fraction (LMF), stem mass fraction (SMF) and root mass fraction (RMF) were arcsine transformed and all other traits
were log10 transformed prior to analysis. SSL = speciﬁc stem length, SLPM = stem length per unit plant mass, SRL = speciﬁc root length, RLPM = root
length per unit plant mass, g = stomatal conductance, LWP = Leaf water potential.
doi:10.1371/journal.pone.0121004.t003
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Fig 3. Seedling leaf physiological traits: (a) stomatal conductance (gs), (b) midday leaf water potential
(ψmid) of plants fromwhich water was withheld and plants that received daily watering for 9 weeks in
5% of full sunlight (black bars) and 20% of full sunlight (grey bars). Bars are means and error bars are
standard errors of the means.
doi:10.1371/journal.pone.0121004.g003
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roots, and have therefore less access to soil water. We indeed found that shaded plants had
lower RMF, in line with the trade-off hypothesis [22], but they compensated for this with a
higher specific root length, resulting in a similar root length per plant mass, and hence capacity
for water uptake, as high-light plants (Fig 2 H and 2 I).
Under field conditions an enhanced survival below shaded tree crowns can also result from
an increased nutrient input by tree litter [23]. In the understory of tropical forests, saplings
growing under tree crowns invest in long-lived leaves which are characterized by high levels of
defense against herbivores [68]. Other studies found contrasting results; drought survival in
the understory was lower compared to plants growing in the centre of a forest gap [19] in West
Africa in line with the trade-off hypothesis. Such findings could partly be attributed to the fact
that plants in shade suffer from competition for water uptake by canopy trees [69]. Even under
roots competition some shaded plants in the field have been found to survive drought [85].
Such species invest in relatively high allocation to roots in addition to investment in thick,
though, long-lived leaves [85]. The enhanced drought survival in shade that we found might
allow these species to persist in the forest understory when seasonal drought increases over
time, as has been observed in the tropical forest zone of Ghana [86]. We should emphasize that
this is a greenhouse study where plants were grown alone in a limited soil volume. Under field
conditions shaded understory plants may suffer from strong competition for water by canopy
trees. In the field, other drought-coping mechanisms might become important as well. For in-
stance plants growing in high irradiance in the field will take advantage of their fast growth and
large size at the end of the wet season. As a result, they can forage during the dry season a larger
soil volume, or deeper soil layers for water, where it is more readily available [26, 70].
Both drought and shade reduced relative growth rate which is in agreement with our re-
source limitation hypothesis, and consistent with other studies of Mediterranean species grow-
ing in the field or under controlled conditions [25, 26, 46]. We found that shade reduced RGR
more strongly in wet- compared to dry conditions, which contrast with the findings of other
studies [25, 26] that reported proportional reduction of RGR in low light and high light (i.e., no
interaction effect).
Table 4. Spearman rank correlation between plasticity in functional traits and seedling performance of 10 Ghanaian tree species; their relative
growth rate under optimal conditions (20% of full sunlight and nine weeks watering), plasticity in relative growth rate, survival under stress condi-
tions (no watering for 9 weeks in 20% of sunlight), plasticity in stress survival, andmean plasticity across four treatment combinations (5% of sun-
light and no watering, 20% of sunlight and no watering, 5% of sunlight and watered, and 20% of sunlight and watered).
Plasticity trait RGR (optimum) Plasticity RGR Stress survival (%) Plasticity survival
Leaf mass fraction 0.19 0.13 0.74* -0.71*
Stem mass fraction -0.08 0.08 -0.45 0.61
Root mass fraction 0.81** 0.54 0.32 -0.32
Speciﬁc leaf area -0.07 -0.15 -0.52 0.46
Speciﬁc stem length 0.13 0.16 0.01 -0.20
Speciﬁc root length 0.59 -0.14 0.56 -0.43
Leaf area ratio 0.07 -0.16 0.02 -0.07
Stem length per unit plant mass 0.62 0.19 0.35 -0.37
Root length per unit plant mass 0.58 -0.02 0.53 -0.49
Overall mean plasticity 0.47 -0.03 0.43 -0.38
n = 10 species. Signiﬁcance levels of the correlation are shown.
*: p  0.05
***: P  0.001
RGR = Relative Growth Rate.
doi:10.1371/journal.pone.0121004.t004
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Morphological and physiological response of seedlings to drought
We hypothesized that plants will invest in the organ that captures the most limiting resource
(Brouwer’s hypothesis). Generally species growing in drier environment may improve water
capture through investment of more biomass in roots and the production of thin roots with
high specific root length (SRL) and an increase in root length per unit plant mass (RLPM) at
the whole plant level [32]. We indeed found that under drought seedlings had higher RMF and
RLPM, in line with Brouwer’s hypothesis, although they did not produce roots with high SRL
(Table 2; Fig 2G and 2I). In a study of thirteen temperate species, reduction in watering led to
an increase in RMF [26] but in another study of four temperate shade-tolerant species no sig-
nificant difference in LMF, SMF and RMF were found across watering treatments [25]. Roots
Fig 4. Relationship between survival under stressful conditions (drought and high light) and (a) mean plasticity of nine traits, (b) Leaf mass
fraction (LMF) plasticity.Relationship between relative growth rate under optimal conditions (continuous watering and 20% of full sunlight) and (c) mean
plasticity and (d) root mass fraction plasticity. Plasticity for each trait was calculated as maximumminus minimummean trait values divided by maximum
mean trait values across four treatment combinations. For each species, mean plasticity was calculated as the average plasticity of 9 traits. Regression line
and coefficient of determination are shown. Ns = not significant, * = p 0.05, ** = p 0.01, n = 10 species.
doi:10.1371/journal.pone.0121004.g004
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are, apart from water uptake, also important for water storage. For example, seedlings of Bao-
bab provenances from drier areas had higher RMF [71], which allowed them to store more
water, and realize higher conductance and photosynthetic rates during drought.
In our study, drought led to increased drought stress as indicated by more negative mid-day
leaf water potentials, and lower stomatal conductance (Fig 3A). The lower stomatal conduc-
tance implies reduced assimilation rate, (cf.[72–74]) which also explains the reduced growth of
droughted plants (Fig 1). There is a continuum of stomatal responses to drought which ranges
from drought avoidance, in which the stomata close at a threshold water potential to reduce
transpiration and cavitation, to drought tolerance in which stomatal control is less severe and
leads to higher transpiration rate [75, 76].
Plant may also reduce water loss during drought by reducing biomass fraction in transpiring
leaves. This strategy was not confirmed in our study, as there was no significant change in leaf
mass fraction in response to drought. We could not evaluate the effects of drought on SLA and
LAR (see methods) but other studies found that seedlings that grow under dry conditions have
low SLA and LAR which help to reduce water loss through transpiration [32]. In another
study, water stress did not have an effect on SLA [74].
Morphological and physiological response of seedlings to shade
In low irradiance light is a limiting resource, and shaded seedlings had higher LMF, SLA and
LAR and, hence, higher light capture, in line with Brouwer’s hypothesis (cf.[77–79]). Shaded
plants invested less biomass in stems, which could curtail their ability to overtop neighbours
and access light. Yet, they compensated for this by producing slender stems with high specific
stem length, leading to a higher stem length per unit plant mass (Fig 2E and 2F). Such an etolia-
tion response to shading has also been found for other tree seedlings [62].
The increased biomass allocation to leaves in the shade came not only at the expense of a re-
duced biomass allocation to stem, but also at the expense of reduced biomass allocation to
roots (Fig 2G). This is seemingly in line with the trade-off hypothesis, which states that an in-
crease in shade tolerance comes at the expense of an increase in drought tolerance [22]. Yet,
shaded plants compensated for a reduced RMF by producing fine roots, leading to similar root
length per unit plant mass, and hence, to a similar ability to capture water. The higher LAR
and SLA of shaded plants could potentially lead to a higher evaporative load, but this is thought
to be compensated for by low air temperature and vapour pressure deficit in shade [25]. How-
ever in our study, air temperatures and vapour pressure deficit did not significantly differ be-
tween shade and high light treatments. Leaf water potential was more negative in high light
compared to the shade (Fig 3B), indicating that high-light plants are more water-stressed prob-
ably because of high demand for water as a result of higher growth rate. At the same time the
stomatal conductance was higher, indicating that stomata are also sensitive to the amount of
light. The high stomatal conductance facilitates higher assimilation rates, and therefore faster
growth rates in high-light compared to shaded plants (Fig 1). The results of the study is consis-
tent with findings of a study conducted in South-western Spain in which both watered and
droughted seedlings showed higher stomatal conductance under high light conditions [74].
Combined effects of shade and drought on plant
Our study results showed within species performance trade-off between survival and growth as
seedlings growing in the shade in drought had high survival but low relative growth rate com-
pared to seedlings growing in high light, which is in agreement with the growth-survival trade-
off found for seedlings and saplings across tropical tree species [69, 80]. A trade off in biomass
allocation was found in our study as plants in shade allocated more biomass to leaves and plant
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in drought allocated more biomass to roots. Similar trade-offs have been found for other stud-
ies across 806 temperate tree species [81] and across tropical species of Bolivia [32] where seed-
lings of species from drier forest allocated more biomass to roots, whereas seedlings of species
from moist forest allocated more biomass to leaves. Although our study focused on intraspecif-
ic responses compared to the other studies mentioned here, we make these comparisons be-
cause intraspecific acclimatisation found within species parallel adaptation responses found
across species. For most of the traits we studied there was no significant interaction between
shade and drought. When individual species responses were analysed, then for most of the
traits 1–3 species showed significant interactive effects between shade and drought (Table 3).
This indicates that drought and shade tolerance can vary independently for most of the species
but not for others. Seedlings were able to tolerate combined shade and drought probably as a
result of investment in organs that help to reduce demand for resources [30]. Our leaf water
potential data suggest that shade alleviates drought impacts (although we did not find a signifi-
cant shade x drought interaction) which contrasts sharply with the results of another study
that reported a greater decline of leaf water potential with drought stress in the shade than in
the sun [82]. Perhaps this is because the study was carried out in an unusually dry El Niño year
in Central California.
Relationship between plant trait plasticity and seedling performance
We hypothesized that higher plasticity in plant functional traits will lead to high survival under
stressed conditions [45]. This hypothesis was rejected, as overall plasticity index across our
treatment combination was not significantly related to survival under stressful conditions (Fig
4A). A study on seedlings of Mediterranean woody species neither found a relationship be-
tween overall phenotypic plasticity in response to water availability and enhanced performance
under drought [41]. Plasticity in traits is not always an adaptive feature of plants, but in situa-
tion where it is considered adaptive feature it should lead to higher survival under stressful con-
dition [45]. In our study, plasticity in leaf mass fraction was significantly related to survival
under stressful conditions (Fig 4B). Perhaps the plasticity of individual key traits is more im-
portant in influencing species survival than a combination of traits. Adjusting the transpiring
leaf mass may be an important mechanism to adjust to reduced water availability. Deciduous-
ness, for example, has been found to be one of the determinants of drought survival [32]. A
positive correlation between percent leaf loss and drought survival has also been found among
individuals across three evergreen species in Australia [83].
We also predicted that faster growth under optimal condition would lead to higher plasticity
[43, 44] because under high resource availability more carbon is produced and can be invested
for traits adjustments in response to changing environment (cf.[43–44]). Yet, fast growth was
not related with a higher overall plasticity. It was related with a high RMF. The ability of plants
to show plastic responses to environment may in part define the ecological niche width of spe-
cies [84] and species with higher plasticity in water balance related traits will more likely accli-
matise to increased frequency of drought in many tropical forest areas.
Conclusions
Shaded plants in the greenhouse survive drought better than plants in high light but they do so
at the expense of their relative growth rates. Drought and shade had no interactive effects on
majority of our study species. Our results suggest that shaded tropical forest species are poten-
tially able to survive under prolonged droughts, but it should be checked whether these results
also hold in the field where shaded understorey plants can grow in an unlimited soil volume
and face competition for water by large canopy trees. A greater percentage (60%) of traits
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studied responded independently to drought and shade which allows for niche differentiation
under any combination of water availability and shade. Overall traits plasticity was not related
to survival under stressed condition though plasticity in leaf mass fraction was significantly re-
lated to survival under stressful conditions. Plasticity of individual traits that are associated
with water balance may play a role in how seedlings survive under drought and shade.
Supporting Information
S1 Dataset. S1 Dataset contains data on leaf, stem and root traits, leaf water potential, sto-
matal conductance, plasticity index, relative growth rate, environmental variables and soil
matric potential.
(XLSX)
S1 Table. S1 Table contains the chemical and physical properties of the soil used for the ex-
periment.
(DOCX)
S2 Table. S2 Table contains the mean temperature, relative humidity and vapour pressure
values in the greenhouses over the period of the experiment.
(DOCX)
S3 Table. S3 Table contains the mean soil matric potential values at which mortality of in-
dividual species occurred.
(DOCX)
Acknowledgments
Thanks to the Council for Scientific and Industrial Research-Forestry Research Institute of
Ghana for providing institutional support for this research. We thank William Hagan—Brown,
Emmanuel Agyare Sarpong, Elvis Nkrumah and Nana Prempeh Bandoh for their assistance
with data collection, Jonathan Dabo and Peter Amoako for their assistance with seed collection
and nursing of seedlings for the experiment, and three anonymous reviewers for their helpful
comments on the manuscript.
Author Contributions
Conceived and designed the experiments: LA LP GMJM BK. Performed the experiments: LA.
Analyzed the data: LA. Wrote the paper: LA LP GMJM BK.
References
1. Schiøtz M, Boesen M, Nabe-Nielsen J, Sørensen M, Kollmann J (2006) Regeneration in Terminalia
oblonga (Combretaceae)—A common timber tree from a humid tropical forest (La Chonta, Bolivia). For-
est ecology and management 225: 306–312.
2. Marod D, Kutintara U, Tanaka H, Nakashizuka T (2002) The effects of drought and fire on seed and
seedling dynamics in a tropical seasonal forest in Thailand. Plant Ecology 161: 41–57.
3. Duclos V, Boudreau S, Chapman CA (2013) Shrub Cover Influence on Seedling Growth and Survival
Following Logging of a Tropical Forest. Biotropica 45: 419–426.
4. Valladares F (2003) Light heterogeneity and plants: from ecophysiology to species coexistence and
biodiversity. Progress in Botany: Springer. pp. 439–471.
5. Nepstad D, Lefebvre P, Lopes da Silva U, Tomasella J, Schlesinger P, Solorzano L, et al. (2004) Ama-
zon drought and its implications for forest flammability and tree growth: A basin‐wide analysis. Global
Change Biology 10: 704–717.
6. Comita LS, Engelbrecht BM (2009) Seasonal and spatial variation in water availability drive habitat as-
sociations in a tropical forest. Ecology 90: 2755–2765. PMID: 19886485
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 18 / 22
7. Sánchez‐Gómez D, Valladares F, Zavala MA (2006) Performance of seedlings of Mediterranean
woody species under experimental gradients of irradiance and water availability: trade‐offs and evi-
dence for niche differentiation. New Phytologist 170: 795–806. PMID: 16684239
8. Malhi Y, Wright J (2004) Spatial patterns and recent trends in the climate of tropical rainforest regions.
Philosophical Transactions of the Royal Society of London Series B: Biological Sciences 359: 311–
329. PMID: 15212087
9. Saatchi S, Asefi-Najafabady S, Malhi Y, Aragão LE, Anderson LO,Myneni RB, et al. (2013) Persistent
effects of a severe drought on Amazonian forest canopy. Proceedings of the National Academy of Sci-
ences 110: 565–570. doi: 10.1073/pnas.1204651110 PMID: 23267086
10. Cox PM, Harris PP, Huntingford C, Betts RA, Collins M, Jones CD, et al. (2008) Increasing risk of Ama-
zonian drought due to decreasing aerosol pollution. Nature 453: 212–215. doi: 10.1038/nature06960
PMID: 18464740
11. Sheffield J, Wood EF (2008) Projected changes in drought occurrence under future global warming
frommulti-model, multi-scenario, IPCC AR4 simulations. Climate Dynamics 31: 79–105.
12. Malhi Y, Aragao LE, Galbraith D, Huntingford C, Fisher R, Zelazowski P, et al. (2009) Exploring the like-
lihood and mechanism of a climate-change-induced dieback of the Amazon rainforest. Proceedings of
National Academy of Science U S A 106: 20610–20615. doi: 10.1073/pnas.0804619106 PMID:
19218454
13. Lewis SL, Brando PM, Phillips OL, van der Heijden GM, Nepstad D (2011) The 2010 amazon drought.
Science 331: 554–554. doi: 10.1126/science.1200807 PMID: 21292971
14. Condit R (1998) Ecological implications of changes in drought patterns: shifts in forest composition in
Panama. Climatic Change 39: 413–427.
15. Engelbrecht BM, Comita LS, Condit R, Kursar TA, Tyree MT, Benjamin LT, et al. (2007) Drought sensi-
tivity shapes species distribution patterns in tropical forests. Nature 447: 80–82. PMID: 17476266
16. Baltzer JL, Davies SJ, Bunyavejchewin S, Noor N (2008) The role of desiccation tolerance in determin-
ing tree species distributions along the Malay–Thai Peninsula. Functional Ecology 22: 221–231.
17. Sterck F, Markesteijn L, Toledo M, Schieving F & Poorter L (2014) Sapling performance along resource
gradients drives tree species distributions within and across tropical forests. Ecology 95:2514–2525.
18. Amissah L, Mohren GMJ, Bongers F, HawthorneWD, Poorter L (2014) Rainfall and temperature affect
tree species distribution in Ghana, Journal of Tropical Ecology 30:435–446
19. Veenendaal E, Swaine M, Agyeman V, Blay D, Abebrese I, Mullins CE (1996) Differences in plant and
soil water relations in and around a forest gap in West Africa during the dry season may influence seed-
ling establishment and survival. Journal of Ecology 84: 83–90.
20. Fisher BL, Howe HF, Wright SJ (1991) Survival and growth of Virola surinamensis yearlings: water aug-
mentation in gap and understory. Oecologia 86: 292–297.
21. Burslem DFRP 1996. Differential Response to nutrients, shade and drought among tree seedlings of
low land Tropical Forest in Singapore. In M. D. Swaine (Ed.) The ecology of Tropical Forest Tree seed-
lings, Man and the Biosphere Series Volume 17 UNESCO, The Parthenon Publishing Group. Paris.
22. Smith T Huston M. (1989) A theory of the spatial and temporal dynamics of plant communities. Plant
Ecology 83, 49–69.
23. Holmgren M, Scheffer M, Huston MA (1997) The interplay of facilitation and competition in plant com-
munities. Ecology 78: 1966–1975.
24. Holmgren M, Segura AM, Fuentes ER (2000) Limiting mechanisms in the regeneration of the Chilean
matorral–Experiments on seedling establishment in burned and cleared mesic sites. Plant Ecology
147: 49–57.
25. Sack L, Grubb PJ (2002) The combined impacts of deep shade and drought on the growth and biomass
allocation of shade-tolerant woody seedlings. Oecologia 131: 175–185.
26. Sack L (2004) Responses of temperate woody seedlings to shade and drought: do trade‐offs limit po-
tential niche differentiation? Oikos 107: 110–127.
27. Markesteijn L, Poorter L (2009) Seedling root morphology and biomass allocation of 62 tropical tree
species in relation to drought- and shade-tolerance. Journal of Ecology 97: 311–325.
28. Poorter L (2005). Resource capture and use by tropical forest tree seedlings and their consequences
for competition. In Burslem D, Pinard M. and Hartley S. (Eds.). Biotic Interactions in the Tropics. Their
Roles in the maintenance of species diversity. Cambridge University Press, UK. Pp. 564.
29. Brouwer R (1963).Some aspects of the equilibrium between overground and underground plant parts.
Jaarboek van het Instituut voor Biologisch en Scheikundig onderzoek aan Landbouwgewassen 213:
31–39.
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 19 / 22
30. Sack L, Grubb PJ, Marañón T (2003) The functional morphology of juvenile plants tolerant of strong
summer drought in shaded forest understories in southern Spain. Plant Ecology 168: 139–163.
31. Tyree MT, Engelbrecht BM, Vargas G, Kursar TA (2003) Desiccation tolerance of five tropical seedlings
in Panama. Relationship to a field assessment of drought performance. Plant Physiology 132: 1439–
1447. PMID: 12857825
32. Poorter L, Markesteijn L (2008) Seedling traits determine drought tolerance of tropical tree species. Bio-
tropica 40: 321–331.
33. Kursar TA, Engelbrecht BMJ, Burke A, Tyree MT, Ei Omari B, Giraldo JP (2009) Tolerance to low leaf
water status of tropical tree seedlings is related to drought performance and distribution. Functional
Ecology 23: 93–102.
34. Slot M, Poorter L (2007) Diversity of tropical tree seedling responses to drought. Biotropica 39: 683–
690.
35. Brodribb TJ, McAdam SA, Jordan GJ, Martins SC (2014) Conifer species adapt to low-rainfall climates
by following one of two divergent pathways. Proceedings of the National Academy of Sciences 111:
14489–14493. doi: 10.1073/pnas.1407930111 PMID: 25246559
36. Reich P, Tjoelker M, Walters M, Vanderklein D, Buschena C (1998) Close association of RGR, leaf and
root morphology, seed mass and shade tolerance in seedlings of nine boreal tree species grown in high
and low light. Functional Ecology 12: 327–338.
37. Evans J, Poorter H (2001) Photosynthetic acclimation of plants to growth irradiance: the relative impor-
tance of specific leaf area and nitrogen partitioning in maximizing carbon gain. Plant, Cell & Environ-
ment 24: 755–767.
38. Gommers CM, Visser EJ, Onge KRS, Voesenek LA, Pierik R (2013) Shade tolerance: when growing
tall is not an option. Trends Plant Sci 18: 65–71. doi: 10.1016/j.tplants.2012.09.008 PMID: 23084466
39. Sims D, Pearcy R (1994) Scaling sun and shade photosynthetic acclimation of Alocasia macrorrhiza to
whole‐plant performance–I. Carbon balance and allocation at different daily photon flux densities.
Plant, Cell & Environment 17: 881–887.
40. Poorter H, Nagel O (2000) The role of biomass allocation in the growth response of plants to different
levels of light, CO2, nutrients and water: a quantitative review. Functional Plant Biology 27: 1191–
1191.
41. Sánchez-Gómez D, Zavala MA, Valladares F (2008) Functional traits and plasticity linked to seedlings'
performance under shade and drought in Mediterranean woody species. Annals of Forest Science 65:
1.
42. Sterck F, Schieving F (2011) Modelling functional trait acclimation for trees of different height in a forest
light gradient: emergent patterns driven by carbon gain maximization. Tree Physiol 31: 1024–1037.
doi: 10.1093/treephys/tpr065 PMID: 21893522
43. Valladares F, Gianoli E, Gómez JM (2007) Ecological limits to plant phenotypic plasticity. New Phytolo-
gist 176: 749–763. PMID: 17997761
44. Valladares F, Wright SJ, Lasso E, Kitajima K, Pearcy RW (2000) Plastic phenotypic response to light of
16 congeneric shrubs from a Panamanian rainforest. Ecology 81: 1925–1936.
45. Chapin S F III, Autumn K, Pugnaire F (1993) Evolution of suites of traits in response to environmental
stress. The American Naturalist 142: S78–S92.
46. Quero JL, Villar R, Marañón T, Zamora R, Vega D, Sack L (2008) Relating leaf photosynthetic rate to
whole-plant growth: drought and shade effects on seedlings of four Quercus species. Functional Plant
Biology 35: 725–737.
47. HawthorneWD (1995). Ecological Profiles of Ghanaian Forest Trees. Tropical Forestry Paper 29, Ox-
ford Forestry Institute, Oxford.
48. Agyeman V, Swaine M, Thompson J (1999) Responses of tropical forest tree seedlings to irradiance
and the derivation of a light response index. Journal of Ecology 87: 815–827.
49. Hall JB, Swaine MD (1981). Distribution and ecology of vascular plants in a tropical rain forest. Forest
vegetation in Ghana. Junk Publishers.
50. HawthorneWD, Jongkind C (2006) Woody plants of western African forests. A guide to the forest trees,
shrubs and lianas from Senegal to Ghana. Royal Botanic Gardens, Kew.1040 pp.
51. HawthorneWD, & Gyakari N (2006) Photo guide for the forest trees of Ghana. A tree-spotter’s field
guide for identifying largest trees. Oxford Forestry Institute, Oxford. 432 pp.
52. Tchinda AT (2008) Entandrophragma angolense (Welw.) C.DC. In: Louppe D., Oteng-Amoako A.A. &
Brink M. (Eds.). Prota 7(1): Timbers/Bois d’œuvre 1. [CD-Rom]. PROTA, Wageningen, Netherlands.
Pp. 704.
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 20 / 22
53. Owusu FW (2008). Turraeanthus africanus (Welw. ex C.DC.) Pellegr. In: Louppe D., Oteng-Amoako A.
A. & Brink M. (Eds.). Prota 7(1): Timbers/Bois d’œuvre 1. [CD-Rom]. PROTA, Wageningen, Nether-
lands. Pp. 704.
54. Jiofack Tafokou RB (2008) Piptadeniastrum africanum (Hook.f.) Brenan. In: Louppe D., Oteng-Amoako
A.A. & Brink M. (Eds.). Prota 7(1): Timbers/Bois d’œuvre 1. [CD-Rom]. PROTA, Wageningen, Nether-
lands. Pp. 704.
55. Kyereh B (1994). Seed Phenology and germination of Ghanaian Forest Trees PhD Thesis University of
Aberdeen.
56. Apetorgbor MM (2007) Albizia zygia (DC.) J.F.Macbr. In: Louppe D., Oteng-Amoako A.A. & Brink M.
(Eds.). Prota 7(1): Timbers/Bois d’œuvre 1. [CD-Rom]. PROTA, Wageningen, Netherlands. Pp. 704.
57. Lemmens RHMJ (2007) Pouteria aningeri Baehni. In: Louppe D., Oteng-Amoako A.A. & Brink M.
(Eds.). Prota 7(1): Timbers/Bois d’œuvre 1. [CD-Rom]. PROTA, Wageningen, Netherlands. Pp. 704.
58. Cheng HY, Song SQ (2008) Possible involvement of reactive oxygen species scavenging enzymes in
desiccation sensitivity of Antiaris toxicaria seeds and axes. Journal of Integrative Plant Biology 50:
1549–1556. doi: 10.1111/j.1744-7909.2008.00723.x PMID: 19093973
59. Schneider CA, RasbandWS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. Na-
ture Methods 9: 671–675. PMID: 22930834
60. Newman E (1966) A method of estimating the total length of root in a sample. Journal of applied Ecolo-
gy 3: 139–145.
61. HoffmannWA, Poorter H (2002) Avoiding bias in calculations of relative growth rate. Ann Bot 90: 37–
42. PMID: 12125771
62. Poorter L (1999) Growth responses of 15 rain‐forest tree species to a light gradient: the relative impor-
tance of morphological and physiological traits. Functional ecology 13: 396–410.
63. Tyree MT, Vargas G, Engelbrecht BM, Kursar TA (2002) Drought until death do us part: a case study of
the desiccation‐tolerance of a tropical moist forest seedling‐tree, Licania platypus (Hemsl.) Fritsch.
Journal of Experimental Botany 53: 2239–2247. PMID: 12379791
64. Tyree M, Hammel H (1972) The measurement of the turgor pressure and the water relations of plants
by the pressure-bomb technique. Journal of Experimental Botany 23: 267–282.
65. Deka R, Wairiu M, Mtakwa P, Mullins C, Veenendaal E, Townend J (1995) Use and accuracy of the fil-
ter‐paper technique for measurement of soil matric potential. European Journal of Soil Science 46:
233–238.
66. Moreno J, Oechel W (1992) Factors controlling postfire seedling establishment in southern California
chaparral. Oecologia 90: 50–60.
67. Thomas C, Davis S (1989) Recovery patterns of three chaparral shrub species after wildfire. Oecologia
80: 309–320.
68. Coley PD, Barone J (1996) Herbivory and plant defenses in tropical forests. Annual review of ecology
and systematics 27: 305–335.
69. Wright SJ, Muller-Landau HC, Condit R, Hubbell SP (2003) Gap-dependent recruitment, realized vital
rates, and size distributions of tropical trees. Ecology 84: 3174–3185.
70. Poorter L, Hayashida-Oliver Y (2000) Effects of seasonal drought on gap and understorey seedlings in
a Bolivian moist forest. Journal of Tropical Ecology 16: 481–498.
71. De Smedt S (2012) Morphological and ecophysiological adaptations of African baobab (Adansonia
digitata L.) to drought. PhD Dissertation, Universiteit Antwerpen (Belgium). Available: http://gradworks.
umi.com/35/10/3510887.html. Accessed 22 July 2014.
72. Wright SJ, Machado JL, Mulkey SS, Smith AP (1992) Drought acclimation among tropical forest shrubs
(Psychotria, Rubiaceae). Oecologia 89: 457–463.
73. Cao K-F (2000) Water relations and gas exchange of tropical saplings during a prolonged drought in a
Bornean heath forest, with reference to root architecture. Journal of Tropical Ecology 16: 101–116.
74. Aranda I, Castro L, Pardos M, Gil L, Pardos JA (2005) Effects of the interaction between drought and
shade on water relations, gas exchange and morphological traits in cork oak (Quercus suber L.) seed-
lings. Forest Ecology and Management 210: 117–129.
75. Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, et al. (2010) A global
overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests.
Forest Ecology and Management 259: 660–684.
76. McDowell N, PockmanWT, Allen CD, Breshears DD, Cobb N, Kolb T, et al. (2008) Mechanisms of
plant survival and mortality during drought: why do some plants survive while others succumb to
drought? New Phytologist 178: 719–739. doi: 10.1111/j.1469-8137.2008.02436.x PMID: 18422905
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 21 / 22
77. Givnish TJ (1988) Adaptation to sun and shade: a whole-plant perspective. Functional Plant Biology
15: 63–92.
78. Walters MB, Reich PB (1999) Low‐light carbon balance and shade tolerance in the seedlings of woody
plants: do winter deciduous and broad‐leaved evergreen species differ? New Phytologist 143: 143–
154.
79. Evans J, Poorter H (2001) Photosynthetic acclimation of plants to growth irradiance: the relative impor-
tance of specific leaf area and nitrogen partitioning in maximizing carbon gain. Plant, Cell & Environ-
ment 24: 755–767.
80. Baraloto C, Goldberg DE, Bonal D (2005) Performance trade-offs among tropical tree seedlings in con-
trasting microhabitats. Ecology 86: 2461–2472.
81. Niinemets Ü, Valladares F (2006) Tolerance to shade, drought, and waterlogging of temperate Northern
Hemisphere trees and shrubs. Ecological Monographs 76: 521–547.
82. Valladares F, Pearcy R (2002) Drought can be more critical in the shade than in the sun: a field study of
carbon gain and photo‐inhibition in a Californian shrub during a dry El Niño year. Plant, Cell & Environ-
ment 25: 749–759.
83. Deines JM, Hellmann JJ, Curran TJ (2011) Traits associated with drought survival in three Australian
tropical rainforest seedlings. Australian Journal of Botany 59: 621.
84. Saldaña A, Gianoli E, Lusk C (2005) Ecophysiological responses to light availability in three Blechnum
species (Pteridophyta, Blechnaceae) of different ecological breadth. Oecologia 145: 251–256.
85. Coomes DA, Grubb PJ (2000) Impacts of root competition in forests and woodlands: a theoretical
framework and review of experiments. Ecological monographs 70: 171–207.
86. Fauset S, Baker TR, Lewis SL, Feldpausch TR, Affum-Baffoe K, Foli EG, et al. (2012) Drought-induced
shifts in the floristic and functional composition of tropical forests in Ghana. Ecology Letters 15: 1120–
1129. doi: 10.1111/j.1461-0248.2012.01834.x PMID: 22812661
Tree Species Performance in Response to Drought and Shade
PLOSONE | DOI:10.1371/journal.pone.0121004 April 2, 2015 22 / 22
